The purpose of this study was to evaluate the flexural properties and surface topography of fiber posts surface-treated with various etching protocols. Seventy each of three types of fiber posts: RelyX Fiber Post, Tenax Fiber Trans, and D.T. Light-Post Illusion X-Ro, were randomly divided into 7 groups: no surface treatment, surface treated with hydrofluoric acid (HF) 4.5% for 60 s, HF 4.5% for 120 s, HF 9.6% for 15 s, HF 9.6% for 60 s, HF 9.6% for 120 s, and treated with H2O2 24% for 10 min. The specimens were then subjected to a three-point bending test. Surface topographies of the posts were observed using a SEM. The results indicate that fiber post surface pretreatments had no adverse effects on the flexural properties. However, the fiber posts treated with high HF concentrations or long etching times seemed to have more surface irregularities.
INTRODUCTION
Currently, fiber-reinforced composite posts, socalled fiber posts, are routinely utilized to restore endodontically treated teeth in dental clinical practice. Several studies have supported the benefits of fiber posts in reducing the incidence of root fracture, and in providing favorable or reparable fracture patterns [1] [2] [3] . Moreover, using fiber posts provides superior aesthetics, easier removal, and shorter treatment visits, in comparison to cast metal posts and cores.
Even though the utilization of a fiber post could reduce the incidence of root fracture, failure can still occur through decementation of the fiber post from the canal 4, 5) . The flexibility of fiber posts allows them to consensually bend with dentin during function, resulting in debonding of the interface when the bond strength is inadequate. Failure could occur either at the resin-dentin or the resin-post interface. A previous study reported that debonding between fiber posts and luting resin took place when the root canal dentin was efficiently bonded 6) . Non-treated fiber posts have a relatively smooth surface, which limits mechanical interlocking with resin cements, compared with serrated or threaded fiber posts. Post surface treatments have been recommended to improve adhesion by facilitating chemical and micromechanical interfacial interactions of the post and the luting resin. These procedures fall into three categories: mechanical treatment (e.g. air abrasion or sand blasting), chemical treatment with hydrofluoric acid or hydrogen peroxide at various concentrations and durations, and combinations of mechanical and chemical methods. One study revealed that post surface abrasion produced undesirable surface changes 7) . Chemical surface etching is a convenient way to increase surface roughness of the fiber post, and to subsequently increase the bond strength [8] [9] [10] .
Hydrofluoric acid (HF) etching is often employed to enhance the bond strength of silica-containing substrates through micromechanical retention. The active mechanism in HF etching is the dissolution of silicon dioxide, which subsequently creates a rough surface, facilitating mechanical interlocking with the applied adhesive 10) . Various HF concentrations and etching times have been proposed for fiber post etching protocols. Utilization of a low HF concentration, approximately 4-5%, was suggested for 60-120 s etching times [11] [12] [13] . However, the high 9.6% HF concentration has been normally used with shorter etching times in the range 15-60 s 10, 14) . One study demonstrated the highest bond strengths for posts etched with 9.6% HF for the comparatively long 120 s duration. The hypothesis that HF etching possibly damages integrity of the post and thereby reduces its strength has been suggested 15) . However, such deterioration of properties would depend on the acid, its concentration, and etching time.
Hydrogen peroxide etching has been promoted because it selectively dissolves the matrix without damage to the fibers 16) . Monticelli et al. reported that etching fiber posts with 24% H2O2 for 10 min could enhance their interfacial bonding strength to resin composites 8) . The limits of a chemical surface treatment of fiber posts are determined by damage to the properties of the post. The purpose of the present study was to evaluate the flexural properties and surface topography of three types of fiber post, when surface treated with select etching protocols. The null hypothesis was that the alternative surface treatments do not affect the flexural properties of the posts. X-Ro size #1 (RTD, St. Egrève, France), were used in this study. Each type of fiber posts was randomly divided into 7 treatment groups, 10 posts per group, and the surface treatments were; Group 1 -no surface treatment (Control), Group 2 -surface treated with hydrofluoric acid (HF) at 4.5%, IPS Ceramic Etching Gel (Ivoclar Vivadent, Schaan, Liechtenstein), for 60 s (HF4.5%-60s), Group 3 -surface treated with HF at 4.5% for 120 s (HF4.5%-120s), Group 4 -surface treated with HF at 9.6%, Porcelain Etch Gel (Pulpdent, Watertown, MA, USA) for 15 s (HF9.6%-15s), Group 5 -surface treated with HF at 9.6% for 60 s (HF9.6%-60s), Group 6 -surface treated with HF at 9.6% for 120 s (HF9.6%-120s), Group 7 -surface treated with hydrogen peroxide (H 2O2) at 24% (Vidhyasom, LTD, Bangkok, Thailand) for 10 min (H2O224%-10min). The materials used in this study are presented in Table 1 .
MATERIALS AND METHODS
In the surface treatment of a post, the chemical agent was filled into a silicone pit, 20 mm in height and 3 mm in diameter. The post was entirely submerged into the surface treatment agent. After the surface etching, the post was rinsed with running water for 30 s and dried with air blow. The post was then placed on the individual post shape silicone mold that had a marking for the middle point along length of the post, and a marking was put on the post exactly at its middle. Each specimen was subjected to a three-point bending test in a universal testing machine (Lloyd instruments, LRX-Plus, AMETEK Lloyd Instrument, Hampshire, UK) with a 250 N load cell. The crosshead was in the middle between two supports with 10 mm span, and the crosshead speed was set at 1 mm/min. The load and deflection were recorded by the control software for the universal testing machine (Nexygen, AMETEK Lloyd Instrument). The maximum load from the bending test was recorded for each post, as the main characteristic to be analyzed. Load-deflection ratio within elastic limit of each testing graph was calculated to signify the elastic property altering after surface treatments.
Surface topography of the treated fiber posts was observed using a scanning electron microscope (SEM, Quanta400, FEI, Hillsboro, OR, USA). The posts were handled with the same protocol preceding the threepoint bending test. After drying, each post was mounted on a brass tablet and gold sputter-coated. The surface topography was then observed and SEM micrographs were taken.
The data on maximum load and load-deflection ratio, its mean and standard deviation (SD), are reported and statistically analyzed. Since normality of data distribution and homogeneity of variance (Levene's test) were detected, the maximum loads and loaddeflection ratios were therefore compared between the 7 treatment groups using parametric one-way ANOVA at 95% confidence level. In case significance was indicated, a further multiple comparison of means was performed using Tukey's HSD test. Table 2 shows the mean and standard deviation of maximum load in Newtons (N), obtained from the threepoint bending test, for each type of fiber post and each surface treatment. For RelyX Fiber Post, the maximum load ranged from 96.90 to 114.68 N. It was found that the surface treatment affected the flexural load of RelyX Fiber Post (p=0.003). Tukey's HSD multiple comparison test indicated a significant difference in the maximum load between the groups HF9.6%-60s and H 2O224%-10min (p=0.12), and between the groups HF9.6%-120s and H 2O224%-10min (p=0.24). The maximum loads did not differ significantly between the other treatments of RelyX Fiber Post. Table 3 displays the mean and standard deviation of the load-deflection ratios (N/mm) calculating from the testing graphs. There was no significant difference in load-deflection ratios among 7 surface treatments for all types of tested posts (p>0.05). The control group of RelyX Fiber Post appeared to have a higher loaddeflection ratio than those of the other groups. However, significant difference was not detected.
RESULTS
The results show maximum loads ranging from 107.11 to 111.78 N for Tenax Fiber Trans, and from 74.41 to 77.47 N for D.T. Light-Post. One-way ANOVA indicates that there are no significant differences in the maximum load between the 7 surface treatments, as the p-values are 0.839 and 0.845, respectively. In other words, the alternative surface treatments did not affect the flexural strength of Tenax Fiber Trans and D.T. Light-Post.
SEM micrographs of RelyX Fiber post surfaces in the control and all experimental groups are shown in Fig. 1 . In the control group, the post surface was mostly covered by the resin matrix, with a few fibers exposed on the outer surface (Fig. 1a) . The post surfaces showed no obvious changes after treatments with HF4.5%-60s, HF9.6%-15s, HF9.6%-60s, or H 2O224%-10min (Figs.  1b, d, e, and g) . However, the glass fibers were etched into small pieces by the treatment with HF at 4.5% for 120 s (Fig. 2-arrows) . Treatment with the strong acid HF at 9.6% for 120 min had dislodged all fibers from the surface, leaving only fiber imprinted grooves on the zirconia particle filled matrix (Fig. 2-asterisks) .
For Tenax Fiber Trans (Fig. 3) , the post surface in the control group was tightly covered by the resin matrix with only few fibers exposed on the outer surface (Fig. 3a) . The surface appeared intact when treated with HF9.6%-15s or H 2O224%-10min ( Figs. 3a and g) . Some glass fiber bundles were removed when the post was treated with HF4.5%-60s (Fig. 3b ). Glass fibers on the outer surface of a post were mostly wiped out when the post was immersed in HF at 4.5% for 120 s, or in HF at 9.6% for 60 or 120 s (Figs. 3c, e, and f). Several micro-pores inside the resin matrix were observed in the groups that surface-treated with HF at 4.5 and 9.6% for 60 s or longer as shown by the asterisks in Fig. 4 .
SEM micrographs of D.T. Light-Post surfaces are shown in Fig. 5 . In the control group, the post surface was covered by the resin matrix with some fibers exposed on the outer surface (Fig. 5a ). The surfaces treated with The glass fibers were etched into small pieces (arrows) when treated with HF at 4.5% for 120 s, while the etched fibers were dislodged from the surface leaving fiber imprint lines on the zirconia-filled matrix (asterisks), after treatment with HF at 9.6% for 120 s.
Fig. 3 SEM micrographs of Tenax Fiber Trans surfaces before and after various surface treatments.
In the control group, the post surface was tightly covered by the resin matrix with only few fibers exposed on the outer surface (a). The surface appeared intact when treated with HF9.6%-15s or H2O224%-10min (a and g). Some glass fiber bundles were removed when the post was treated with HF4.5%-60s (b). Glass fibers on the outer surface of a post were mostly wiped out when the post was immersed in HF at 4.5% for 120s, or in HF at 9.6% for 60 or 120 s (c, e, and f). In the control group, the post surface was mostly covered by the resin matrix, with a few fibers exposed on the outer surface (a). The post surface did not obviously change when treated with, HF4.5%-60s, HF9.6%-15s, HF9.6%-60s, or H2O224%-10min (b, d, e, and g). However, the glass fibers were broken into small pieces by etching, when treated with HF at 4.5% for 120 s (c). When treated with strong acid HF 9.6% for 120 min, all the etched fibers were dislodged from the surface, leaving fiber imprint lines on the zirconia-filled matrix (f). In the control group, the post surface was covered by the resin matrix with some fibers exposed on the outer surface (a). The surfaces treated with H2O224%-10min seem unchanged compared to control (g). The post surfaces treated with HF at 4.5% for 60 s or 120 s, as well as with HF at 9.6% 15 s or 60 s, show many crack lines in the fibers (b-e).
In the group treated strong acid for a long time, HF9.6%-120s, several pores and cracks have appeared on the post surface (f-arrow).
H2O224%-10min seemed unchanged compared to control (Fig. 5g) . The post surfaces treated with HF at 4.5% for 60 s or 120 s, as well as with HF at 9.6% 15 s or 60 s, showed many crack lines in the fibers (Figs. 5b-e ). In the group treated strong acid for a long time, HF9.6%-120s, several pores and cracks have appeared on the post surface as shown by the arrow in Fig. 5f .
DISCUSSION
The maximum loads in a three-point bending test were determined experimentally, for each type of fiber post with each alternative surface treatment. The flexural strength calculated from the ultimate failure load and the supported span does not appropriately represent the failure of a fiber-reinforced material, because the loading force always drops when some fibers break while the outer surface still appears intact. As some fibers were broken, the loading force would suddenly drop, as shown in Fig. 6 . This could be the initiation of the fiber post failure. Clinically, the broken fibers or dislodgement of fibers from resin matrix could initially relate to displacement of the restoration, and consequent failure. Several previous studies have therefore used the maximum load or F max to calculate flexural strengths of fiber posts [17] [18] [19] . Navais et al.
reported that flexural strength test of the fiber post was valid as long as the taper portion of the post was limited in length 20) . There were 3 types of fiber post in our present study, differing in geometry and size, including length of the taper portion. The maximum loads are here displayed to allow comparisons between the alternative surface treatments, not for comparisons between the types of tested posts. The modulus of elasticity was not calculated and reported in the present study because the taper of the post shape, which was not appropriate to use the surface area for calculation as well. Load-deflection ratios were therefore described to indirectly represent The results reveal that when etching with HF, the concentrations 4.5 and 9.6% did not affect strength of the fiber post, regardless its type. HF has been used for etching glass-ceramic composites due to its ability to dissolve silica-based substrates, in order to provide micromechanical retention at the interfacial surface. In addition, etching can clean by removing oxides and impurities from some metal surfaces without dissolving. HF is classified as a weak acid, although it has strong ability to etch glass surfaces 21) . Etching effects might only impact a thin outer surface layer, which is adequate to improve the mechanical retention without loss of internal material strength. The topography of etching patterns, as seen in the SEM pictures, showed plenty of cracked fibers, possibly causing some apprehension in clinicians regarding the strength of a fiber post after surface etching. It would be reasonable to expect that such etching pattern damage could weaken the post. However, the present result has clarified that the no strength loss accompanied the observed patterns.
Correspondingly with the strength data, loaddeflection ratios of the posts were not affected by surface treatments. It can be noted that the deflection of the post responding to the applied load, before fibers start breaking (taper drop in the graph), would not change after surface treatments. The alteration at outer surfaces might be negligible to affect the elastic property of the posts. RelyX Fiber Post seemed to have higher rigidity than those of other posts. This might be due to the matrix of this fiber post, which contains epoxy resin and zirconia fillers. The control group of RelyX Fiber Post seemed to have a higher load-deflection ratio than those of the surface treated groups although the significant difference was not detected. The non-homogeneous of the resin matrix could create interfaces between resin and fillers, and allowed water penetration during the surface treatment procedures. The rigidity of the post might be slightly declined due to this reason, compared to the homogeneous matrix of Tenax fiber Trans and D.T. Light-Post.
Etching time and HF concentration were found to have negligible effects on the fiber post strength and elastic property, although the severity of etching patterns differed remarkably between the alternative treatments. For RelyX Fiber Post, the long 120 s etching time strongly etched the glass fibers on the post surfaces, and broken pieces of glass fiber could be observed with both HF concentrations as shown with the arrows in Fig. 2 . The SEM micrograph of an untreated RelyX Fiber Post showed that some fibers were exposed on the surface, partially covered with resin matrix, and HF treatment specifically etched the inorganic glass fibers. Manifest etching patterns were therefore observed. The Tenax Fiber Trans had the fibers mostly sheltered by a dense resin matrix, with only few fibers exposed. In addition, the fiber-matrix interfaces of Tenax Fiber Trans might not have strong adhesion: the etched fibers tended to dislodge from the surface rather than leaving broken fiber pieces behind. The SEM micrograph displayed imprints of fibers on the surfaces (Fig. 3 ). On D.T. Light-Posts, many glass fibers could be observed on the surface of an untreated post. One could expect then that this type of post would be easily etched to have clear etching patterns. However, the etched surfaces of D.T. Light-Post were not remarkable in the same way as those of RelyX Fiber Post (Fig. 7) . In the HF4.5%-120s group, the glass fibers of RelyX Fiber Post were etched into small pieces ( Fig. 7-arrows) , whereas the quartz fibers of D.T. Light-Post revealed only some crack lines ( Fig. 7-asterisks) . This might be due to different types of fiber in these two posts, as the RelyX Fiber Post contains glass fibers while D.T. Light-Post contains quartz fibers. The latter are stronger and stiffer than glass fibers. Therefore, the fibers in D.T. Light-Post were more resistant to HF etching than those in RelyX Fiber Post. However, the resistance to acid etching of the fibers did not refer to the strength of the posts. Average maximum load from three point-flexural testing of RelyX Fiber Post was considerably higher than that of D.T. Light-Post. The strength of fiber posts could be affected by various factors such as post geometry, post size, type of resin matrix, or bonding between fibers and matrix. It was found that treating the post surfaces by immersion in 24% H 2O2 for 10 min did not alter the maximum load of Tenax Fiber Trans or D.T. Light-Post, by comparison to untreated controls. However, with the RelyX Fiber Post, the maximum load for the H 2O2 24%-10min group differed from those of HF9.6%-60s and HF9.6%-120s treatment groups, at a mildly significant level. The average maximum load for the H 2O2 24%-10min group was lower than those of the other treatment groups, although without statistical significance. The H 2O2 has been promoted for use in treating fiber post surfaces, because some clinicians are concerned about the effects of HF on the integrity of fiber posts 8) . Additionally, the preparation of H2O2 is more convenient because this agent is widely used in dental treatments, for example as a root canal irrigating agent. It was presumed that H 2O2 could dissolve the resin on the fiber surfaces and create more micromechanical retention without damaging the fibers 22) . In the SEM micrographs of the current study, it was found that the surface topographies of all the tested fibers post types were very similar to the untreated posts. With the exception of RelyX Fiber Post, the strengths were unaffected by hydrogen peroxide treatment. The matrix in the RelyX Fiber Post is the composite material containing epoxy resin with zirconia filler, which might be the reason for loss of strength after immersion in H 2O2. It has been reported that the hardness of a composite resin with zirconia filler significantly decreases after immersion in 40% H 2O2 bleaching agent, and the hydrogen peroxide could diffuse and disturb the resin-filler interfaces causing micro-cracks, depending on the materials 23) . This would subsequently impair the strength of the post, as observed in the present experiment. The others types of post in the current study had homogeneous resin without filler. While statistically significant differences in strength were not found in the current study, the observations do encourage further studies on how H 2O2 treatment affects the properties of fiber posts.
The results of this study indicate that fiber post surface pretreatments with hydrofluoric acid and hydrogen peroxide are acceptable practices without negative impact on post strength. Clinicians can utilize these treatment agents to improve the bond strength between the fiber post and the luting medium, without deterioration of the posts.
CONCLUSION
Fiber post surface etching using hydrofluoric acid and hydrogen peroxide with various alternative protocols were studied, and no adverse effects on the flexural properties were found, for three tested types of commercially available fiber post. However, the SEM imaging of surface topography showed differences between the protocols tested.
